Aging is accompanied by large-scale changes in the proteome, which could have important consequences for cellular and organismal physiology. In this commentary, we review recent studies characterizing the aging proteome in C. elegans. We assess the evidence that the rates of protein synthesis, folding, and degradation change with age in C. elegans, and evaluate whether changes in these pathways limit normal lifespan. We also discuss large-scale studies measuring changes in the proteome with age that suggest that a failure to excrete reproductive proteins in post-reproductive animals plays a role in changing protein levels with age. Maintaining the content and quality of the proteome is key to cellular function, and is accomplished by a large network of factors involved in protein synthesis, folding, and degradation. As organisms age, changes in the activity or specificity of any of these processes could dramatically remodel the proteome. For example, lower translation rates in old animals could decrease protein levels, while reduced protein degradation could increase protein concentration. Even absent a change in protein abundance, a decrease in the protein turnover rate in old age could increase the average molecular age of individual protein molecules. Old protein molecules could accumulate damage (such as oxidative damage) or aggregate with other proteins. Finally, even if protein levels and turnover rates do not change with age, proteins with high intrinsic stability could accumulate continuously with time. Each of these agerelated changes could be general and affect the entire proteome, or specific to particular proteins or tissues. Understanding how aging alters the proteome requires an integrated understanding of how the protein homeostasis machinery changes with age, as well as the downstream effect on protein levels and turnover rates.
Maintaining the content and quality of the proteome is key to cellular function, and is accomplished by a large network of factors involved in protein synthesis, folding, and degradation. As organisms age, changes in the activity or specificity of any of these processes could dramatically remodel the proteome. For example, lower translation rates in old animals could decrease protein levels, while reduced protein degradation could increase protein concentration. Even absent a change in protein abundance, a decrease in the protein turnover rate in old age could increase the average molecular age of individual protein molecules. Old protein molecules could accumulate damage (such as oxidative damage) or aggregate with other proteins. Finally, even if protein levels and turnover rates do not change with age, proteins with high intrinsic stability could accumulate continuously with time. Each of these agerelated changes could be general and affect the entire proteome, or specific to particular proteins or tissues. Understanding how aging alters the proteome requires an integrated understanding of how the protein homeostasis machinery changes with age, as well as the downstream effect on protein levels and turnover rates.
Changes in protein synthesis, degradation, and folding with age
Several studies have measured global changes in the rate of protein synthesis during aging in C. elegans. Kirstein-Miles et al. (2013) observed a progressive decline in the fraction of mRNA associated with actively translating ribosomes between young and old animals, indicating that translation decreases on average in old animals. 1 Similarly, the level of incorporation of labeled amino acids into new proteins declines with age, though this could at least in part be confounded by reduced food intake in old worms limiting the uptake of the label. 2 Consistent with an observed decrease in translation rate, several recent studies have also found decreased ribosomal protein abundance with age in C. elegans. [2] [3] [4] The effect of the overall reduction of protein synthesis on levels of specific proteins is unclear. Liang et al. (2014) examined newly-synthesized proteins in young and old worms using amino acid labeling and found that the rate of translation is lower for some proteins but unaffected or even increased for other proteins in old animals.
tissues. Future experiments using ribosome profiling in young and old animals could shed light on how reduced translation correlates with changes in the abundance of specific proteins during aging.
What is the effect of globally reduced translation with age on lifespan? Mutations in several translation factors and ribosomal proteins can extend lifespan, suggesting that a low level of protein synthesis is not detrimental for survival. [5] [6] [7] It is possible that reduced protein synthesis is beneficial for lifespan because it induces stress protective pathways or decreases the amount of strain on the protein folding system. However, it is not clear whether translation machinery mutants alter the level of translation in the same way that aging does. In the future, it will be critical to compare changes in protein synthesis in translation mutants to changes in old age, in order to determine if they affect protein synthesis in the same manner (i.e. do they affect translation of the same specific proteins and tissues).
Most intracellular proteins are degraded by the ubiquitin-proteasome system (UPS). 8 Proteins slated for degradation are modified with chains of ubiquitin by ubiquitin ligase enzymes, which targets them to the 26S proteasome (composed of the 20S proteolytic core subunit and 2 19S regulatory subunits). 9 In Drosophila and some mammalian tissues, 26S proteasome subunit expression and catalytic activity decline with age. [10] [11] [12] [13] In C. elegans, in vivo experiments using constitutively ubiquitinated fluorescent proteins found that these reporters of proteasome activity are degraded more slowly with age in neurons, but not in body wall muscle. 14 This result indicates that protein degradation rate declines in some tissues with age but does not change in others. It is not known if UPS activity changes with age in tissues other than the muscle and neurons. Surprisingly, another study found an increase in protein levels of 19S and 20S proteasome subunits and higher levels of in vitro chymotrypsin-like proteasome activity in aged worm protein lysates, 2 the opposite of what would be expected given that proteasome activity decreases or does not change in in vivo experiments. This suggests that reduced expression of the proteasome or a decline in its inherent degradation capacity is not the cause of the observed decline in activity in vivo. It is still not understood why proteasome activity declines in some tissues given that the proteasome itself increases in abundance and activity. It is also not known what effect a decline in UPS activity has on protein abundance and half-life in the cells where it occurs.
What are the functional consequences of a change in UPS activity with age? In yeast, increasing the expression of the transcription factor (Rpn4) that induces proteasome subunits extends replicative lifespan. 15 In C. elegans, overexpression of one 19S proteasome subunit, RPN-6, was shown to increase proteasome activity and extend lifespan at 25 C but not 20 C. 16 However, recent work found that mutation of a gene encoding a different 19S subunit, rpn-10, causes reductions in proteasome activity but increases stress resistance and lifespan at 25 C. 17 Since mutants with both increased and decreased levels of proteasomal activity can have extended lifespans, it is not clear how the changes UPS activity that occur naturally with age might affect normal lifespan.
A reduction in new protein synthesis or protein degradation could cause a general increase in protein half-life in old animals. This could cause stable proteins to accumulate as well as increase the overall age of the protein pool, which could be problematic for the organism if old proteins are less functional or more likely to be damaged. Indeed, several studies have shown that protein carbonylation increases with age in C. elegans. 18, 19 However, it is not known what fraction of the total proteome is damaged in old animals and how this damage affects protein function. Some proteins, such as scaffold nuclear pore proteins, are extremely stable in non-dividing cells. The half-life of these proteins is longer than the lifespan of C. elegans, indicating that there is negligible synthesis of new nuclear pore proteins during the worm lifespan. Nuclear pores lose structural integrity and become increasingly leaky with age, perhaps because these exceptionally long-lived proteins accumulate damage in old age. 20 Aging in C. elegans is accompanied by a progressive increase in unfolded and insoluble proteins. One study found that phenotypes associated with temperaturesensitive proteins are more penetrant at the permissive temperature in old animals, suggesting that these metastable proteins lose their ability to fold in old age. 21 Furthermore, levels of aggregated proteins increase with age. 2, 22, 23 When expressed in C. elegans, exogenous aggregation-prone proteins such as poly-Q (found in Huntington's disease) and amyloid b (found in Alzheimer disease) progressively aggregate and cause toxicity in old animals. 24, 25 Several studies have used mass spectrometry to characterize aggregation of endogenous proteins with age in C. elegans. These studies compared the levels of proteins in the detergent soluble and insoluble fraction of the protein lysate between young and old animals. Collectively, these studies have identified hundreds of proteins that become increasingly insoluble with age. 2, 22, 23 Interestingly Walther et al. found that abundant proteins contribute most to the overall aggregate load of the cell, even though abundant proteins generally have a lower inherent aggregation propensity than less abundant proteins. In addition, there is a correlation between increased total abundance with age and increased insolubility. This indicates that highly abundant proteins can exceed the folding capacity of the cell despite low intrinsic aggregation propensity. 2 What is the effect of this large-scale accumulation of insoluble protein with age? Protein aggregation could be detrimental for survival by either depleting the pool of functional proteins, or because the aggregates themselves are toxic. Contrary to the first hypothesis, our recent study found that proteins that become insoluble with age do not as a group decrease in abundance in the soluble proteome. 4 Similarly, Walther et al (2015) found that less than 10% of the total protein pool is age-insoluble for most proteins. 2 This suggests that aggregation does not substantially deplete the amount of functional protein in old animals for most proteins.
Are protein aggregates themselves toxic and causal for aging? Two studies found that genes encoding proteins that become increasingly insoluble with age are enriched for having an extended lifespan phenotype when their activities are knocked down by RNAi. 22, 23 This suggests that some of the proteins that aggregate with age limit lifespan, but does not specifically implicate the aggregates themselves as toxic species. Furthermore, long-lived insulin signaling mutants accumulate more aggregated protein than agematched wild-type controls, indicating that high levels of protein aggregation are not necessarily detrimental for survival. 2 It is likely that the content and cellular context of the protein aggregates affects their toxicity, but it is not yet known whether endogenous protein aggregation limits lifespan during normal aging.
Changes in protein abundance with age
One direct effect of a change in protein synthesis, degradation or folding could be changes in protein levels. For example, a decrease in translation could reduce protein levels (either globally or for specific proteins) if it was not balanced by a similar decrease in protein degradation rates. Similarly, a loss of proteasome activity without compensatory changes in protein translation could cause proteins to accumulate, increasing their levels as well as the average molecular age of the protein pool. Aggregation, misfolding, and damage could all deplete the levels of soluble, functional protein and create new protein forms or modifications.
In order to understand how aging affects protein levels, several groups have measured changes in protein abundance with age. An early study used 2D gel electrophoresis to measure changes in the proteome with age and found few qualitative differences in old animals. 26 However, more recent studies have used quantitative mass spectrometry to provide a more detailed picture of specific changes in individual proteins with age. Three recent studies collectively measured the levels of thousands of proteins during C. elegans aging and identified hundreds of proteins that change abundance with age. [2] [3] [4] All three studies found similar classes of proteins that changed in abundance with age; in particular, extracellular proteins increase abundance during aging and ribosomal proteins decrease. The finding that ribosomal proteins decrease abundance provides a plausible mechanism for observed decreases in protein synthesis with age. However, the upstream cause of this decrease in ribosomal protein abundance is not yet known.
In our recent study, 85% of the proteins that increased abundance with age were predicted extracellular proteins. Changes in these extracellular proteins are unlikely to be caused by a decline in activity of the ubiquitin-proteasome system with age, as this system predominantly acts on intracellular proteins. Liang et al (2014) found that levels of newly-synthesized protein increased with age for some extracellular proteins such as vitellogenins. 3 Therefore, some extracellular proteins might increase in abundance because of increased production, but it is not clear why these proteins would preferentially be produced even as protein synthesis declines globally.
In general, the mechanisms that determine the quality control and turnover rate of extracellular proteins are not as well understood as for intracellular proteins. 27 In our recent study, we aimed to better understand what processes were driving the increased abundance of extracellular proteins. 4 We observed that extracellular proteins that increase in abundance with age tend to be expressed specifically in the adult. This suggested a dysregulation of some adult-specific process such as reproductive function. When we examined the expression pattern of 5 age-increased, adult-specific and secreted proteins, we found that all are localized to the extracellular space of the hermaphrodite uterus. This expression pattern had not been observed before, so it was particularly striking that all 5 age-induced proteins were expressed there. We found that egg-laying is required for the effective removal in or these proteins in young animals, such that these proteins are not removed in old animals after reproduction ends. C. elegans stops laying eggs relatively early during aging: reproduction ceases by day 4 of adulthood in unmated animals and by day 8 in mated worms. 28, 29 Therefore, uterine proteins accumulate because no mechanism exists to excrete them in post-reproductive animals that are no longer laying eggs.
Similarly to the uterine proteins, vitellogenins (yolk proteins) are a second class of secreted protein that accumulates with age due to a lack of excretion in post-reproductive animals. In young worms, these proteins are secreted by the intestine and taken up by oocytes. After reproduction ceases, there are no longer any developing oocytes to take up the yolk. However, vitellogenins continue to be produced and accumulate in the body cavity of the worm because there is no post-reproductive mechanism for their removal. 30 This accumulation is toxic, as reducing the expression of some vitellogenins by RNAi can extend lifespan. 31 Together, these results suggest that a failure to excrete reproductive proteins is a novel mechanism for changes in protein abundance with age. This finding is particularly important given that vitellogenins and uterine proteins are some of the most abundant proteins in the worm. Furthermore, since all 5 of the ageincreased extracellular proteins that we examined were expressed in the uterine lumen, it is likely that there are additional examples of proteins that are expressed in the uterus and accumulate with age due to the end of reproduction. Therefore, for a fraction of the proteome that changes during aging, age-related changes may come about not just because of changes in protein synthesis and degradation rate, but due to the fact that there is no post-reproductive mechanism for their removal. These results show that the cessation of reproduction causes a significant change in the composition of the proteome, and that the length of the reproductive period may have a direct impact on the rate of aging itself.
In summary, future research will continue to show how protein synthesis, degradation and folding change with age, and how these changes affect the levels of specific proteins. In particular, it will be important to understand if changes in protein homeostasis occur in all tissues or affects some tissues more than others. More work is necessary to determine which changes in the proteome are detrimental and drive aging, versus those that are neutral or protective. Finally, the effects on protein level and function are the product of the combined action of age-related changes in protein synthesis, degradation, folding, and aggregation, as well as additional processes such as reproductive excretion. To understand how proteins change in old age, it is important to integrate the activity of all these pathways. A clear understanding of the mechanisms that reshape the proteome during aging and the effect of these changes on lifespan will enable interventions that could slow or even reverse the aging process.
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